Ten lactating Holstein cows fitted with ruminal cannulas that were part of a larger feeding trial were blocked by days in milk into 2 groups and then randomly assigned to 1 of 2 incomplete 5 × 5 Latin squares. Diets contained [dry matter (DM) basis] 25% alfalfa silage, 25% corn silage, and 50% concentrate. Rolled high-moisture shelled corn was replaced with solventextracted soybean meal to increase crude protein (CP) from 13.5% to 15.0, 16.5, 17.9, and 19.4% of DM. Each of the 4 experimental periods lasted 28 d with data and sample collection performed during the last 8 d. Digesta samples were collected from the omasum to quantify the ruminal outflow of different N fractions. Intake of DM was not affected but showed a quadratic trend with maxima of 23.9 kg/d at 16.5% CP. Ruminal outflow of total bacterial nonammonia N (NAN) was not different among diets but a significant linear effect of dietary CP was detected for this variable. Bacterial efficiency (g of total bacterial NAN flow/kg of organic matter truly digested in the rumen) and omasal flows of dietary NAN and total NAN also showed positive linear responses to dietary CP. Total NAN flow increased from 574 g/d at 13.5% CP to 688 g/d at 16.5% CP but did not increase further with the feeding of more CP. Under the conditions of this study, 16.5% of dietary CP appeared to be sufficient for maximal ruminal outflow of total bacterial NAN and total NAN.
INTRODUCTION
Sources of MP include feed protein that escapes rumen degradation and microbial protein synthesized in the rumen (NRC, 2001 ). Many attempts have been made to substitute high RUP sources in dairy diets to increase the flow of MP to the small intestine. However, after reviewing reports from 15 in vivo studies, Santos et al. (1998) concluded that replacement of soybean meal, the most common protein source fed to dairy cows in the United States, with high RUP sources did not increase the duodenal flows of total NAN, essential AA, Lys, or Met. Instead, supplementation with high RUP sources decreased microbial NAN flow to the duodenum in 76% of the studies. Flow of total NAN was not affected because the increase in dietary NAN flow generally compensated for lower microbial NAN flow.
Microbial protein contributes more than 60% of the NAN that leaves the rumen in dairy cows (Korhonen et al., 2002; , its digestibility in the small intestine averages 80%, and it contains Lys and Met, the most limiting AA for milk production, in about the same proportion as found in milk (NRC, 2001) . Cunningham et al. (1996) , Leonardi et al. (2003) , and Broderick (2003) observed no effect on milk and protein yield of dairy cows when soy protein supplementation increased dietary CP from 16.5 to 18.5%, from 16.1 to 18.9%, and from 16.7 to 18.4%. These findings are consistent with the pattern shown in the much larger databases of NRC (2001) and in the recent reviews of Huhtanen and Shingfield (2005) and Ipharraguerre and Clark (2005) , indicating that milk yield increased at a substantially lower rate at higher dietary CP than at lower dietary CP concentrations. These reports suggested that milk yield was not increased because microbial protein yield was not improved above about 16.5% CP.
Therefore, the objective of this study was to determine the optimum CP content of the diet to maximize microbial protein formation and ruminal outflow of NAN in dairy cows fed diets formulated from typical US ingredients with solvent-extracted soybean meal (SSBM) as the principal protein supplement.
MATERIALS AND METHODS

Experimental Procedure
As part of a larger feeding trial (Olmos Colmenero and Broderick, 2006) , 10 lactating Holstein cows fitted with ruminal cannulas were blocked by DIM into 2 groups with means (SD) of 78 (36) and 176 (47) DIM, 3.0 (2.3) and 2.8 (1.9) parity, 536 (53) and 580 (96) kg of BW, and 39 (8) and 36 (5) kg of milk/d, and then randomly assigned to 1 of 2 diet sequences in incomplete 5 × 5 Latin squares (5 diets and 4 periods). The duration of each experimental period was 28 d with the last 8 d used for collection of data and samples. Cows were held in tie stalls for the duration of the experiment, had free access to water, and were weighed on 3 consecutive days at the beginning and at the end of each period. Recombinant bST was injected (500 mg of Posilac; Monsanto, St. Louis, MO) every 14 d into all animals starting on the first day of the experiment. Animal care and experimental procedures met the requirements of the Institutional Animal Care and Use Committee of the UW-Madison (Research Animal Resources Center protocol # A-07-3400-A00286). During period 3, one cow was removed from the experiment due to health problems unrelated to the experiment.
Experimental diets were fed as TMR and contained (DM basis) 25% alfalfa silage, 25% corn silage, and 50% of a concentrate formulated principally from rolled high-moisture shelled corn, SSBM, and roasted soybeans. Dietary CP was increased in increments of approximately 1.5 percentage units from 13.5 to 19.4%, by replacing rolled-high moisture shelled corn with SSBM (Table 1) . Cows were fed once daily at about 1600 h and feed offered was adjusted daily to yield 5 to 10% orts. Samples of individual feeds and orts (about 0.5 kg) were taken daily and stored at −20°C. Weekly composite samples from feeds and orts were dried at 60°C for 48 h and the as-fed composition of the diets was adjusted every week. Weekly feed composites were ground through a 1-mm screen (Wiley mill, Arthur H. Thomas, Philadelphia, PA), and analyzed for DM at 105°C (AOAC, 1980) and for total N (Leco 2000; Leco Instruments, Inc., St. Joseph, MI) to adjust diets to the desired CP content (total N × 6.25) every week. Intake of DM was corrected for orts, and recorded daily throughout the experiment. Feed samples were analyzed sequentially for NDF and ADF (Van Soest et al., 1991) using heat-stable amylase and sodium sulfite (Hintz et al., 1995) in an Ankom Fiber Analyzer (Ankom Technology Corp., Fairport, NY). The N content of NDF residues was analyzed by combustion assay (Leco Instruments Inc.). Ash and OM contents of feeds were also measured (AOAC, 1980) . Compositions of the diets reported in Table 1 are averages from wk 3 and wk 4 of all 4 experimental periods. Other details of the feeding study are described in the companion paper (Olmos Colmenero and Broderick, 2006) . Extent of ruminal digestion and flows at the omasum of dietary nutrients were estimated using CoEDTA (Uden et al., 1980) , Yb-chloride (Siddons et al., 1985) , and indigestible NDF (Huhtanen et al., 1994) as markers for, respectively, the fluid phase (FP), small-particle phase (SP), and large-particle phase (LP) of digesta. The CoEDTA and Yb-chloride markers were dissolved in distilled water, and continuously infused into the rumen through the cannula of each cow using a syringe pump (model 33, Harvard Apparatus Inc., Holliston, MA) from d 21 to 26 of each period at a rate of 2.3 g/d of Co and 3.1 g/d of Yb per cow per day. The microbial marker, (NH 4 ) 2 SO 4 , enriched to 10 atom percent excess 15 N (Isotec, Miamisburg, OH), was infused in the same mixture at a rate of 0.22 g of 15 N/cow per day. Prior to infusion of markers, a sample of ruminal contents was collected from each cow to determine the background 15 N, stored at −20°C, freeze-dried, and ground through a 0.5-mm screen in an Udy Cyclone Sample mill (Udy Corporation, Fort Collins, CO).
Digesta samples were collected from the omasal canal as described by . Each period, 200-mL spot samples were collected and composited over 3 d (d 24 at 0000, 0200, 0400 and 0600 h; d 25 at 0800, 1000, 1200, and 1400 h; and d 26 at 1600, 1800, 2000, and 2200 h) to represent the 24-h feeding cycle. After collection, samples were frozen immediately, and stored at −20°C for later analysis. Digesta samples were separated into FP, SP, and LP as described by Reynal and Broderick (2005) . After separation, FP, SP, and LP were frozen, freeze-dried, ground through 1-mm screen (Wiley mill), and then analyzed for Co and Yb by direct current plasma emission spectroscopy (SpectraSpan V, Fison Instruments, Valencia, CA) as described by Combs and Satter (1992) . Samples of TMR from the fourth week of each period, as well as SP and LP samples, were analyzed for indigestible NDF according to the procedure of Huhtanen et al. (1994) using 5 × 10 cm Dacron bags with a pore size of 6 m (Sefar America Inc, Kansas City, MO). The triple-marker approach of France and Siddons (1986) was applied to compute the amounts of DM from each digesta phase required to reconstitute the theoretical omasal true digesta (OTD) flowing out of the rumen. Based on marker concentration and the triple-marker approach, DM from SP and LP were also mixed to obtain a 2-g sample (SP+LP) that was reground through a 0.5-mm screen in the Udy mill for later analysis.
An extra 100-mL sample of omasal digesta was collected at each sampling time, kept on ice, and composited (400 mL/cow each sampling day) for bacterial isolation. At the end of each sampling day, samples were squeezed through 2 layers of cheesecloth and the particles retained on the cheesecloth were washed with 400
Journal of Dairy Science Vol. 89 No. 5, 2006 mL of 0.85% (wt/vol) NaCl solution. The first and second filtrates were combined and centrifuged for 5 min at 1,000 × g at 4°C to sediment the protozoa and small feed particles. Then, about 400 mL of the resulting supernatants were centrifuged for 30 min at 11,325 × g at 4°C to obtain a pellet of fluid-associated bacteria (FAB). Pellets from the first centrifugation (protozoa and small feed particles) plus particles retained on the cheesecloth were mixed in 400 mL of 0.85% (wt/vol) NaCl solution containing 1% (vol/vol) Tween 80, blended for 20 s in a commercial blender (model 51BL32, Waring Commercial, Torrington, CT), and held for 24 h at 4°C. These samples were then squeezed through 2 layers of cheesecloth, the filtrate centrifuged for 5 min at 1,000 × g at 4°C, and the pellet discarded. The supernatants were recentrifuged for 30 min at 11,325 × g at 4°C to obtain a pellet of particle-associated bacteria (PAB). Both FAB and PAB pellets were washed once by resuspending them in 100 mL of McDougalls' buffer, and centrifuging again for 30 min at 11,325 × g at 4°C. Pellets were then stored at −20°C for later analysis.
At the third sampling time each sampling day, 500 mL of omasal digesta was collected from each cow for isolation of protozoa. Samples were immediately squeezed through 2 layers of cheesecloth, and the retained particles washed with 500 mL of McDougalls' buffer (39°C) containing 5.0 g of glucose and 0.5 g of cysteine-HCl/L. The first filtrate plus the wash filtrate were combined in a separatory funnel, placed in a 39°C water bath for 45 min, and the protozoa carefully drawn off. Protozoal samples were then layered on top of 20 mL of 30% (wt/vol) sucrose solution in 50-mL centrifuge tubes and centrifuged at 150 × g for 5 min at 4°C. The resulting protozoal pellets were washed 3 times with 5 mL of 0.85% (wt/vol) NaCl solution, centrifuged for 5 min at 1,239 × g at 4°C, and stored at −20°C.
All FAB, PAB, and protozoal pellets (3 of each per cow per period) were freeze-dried, ground with a mortar and pestle, and pooled by weight into single FAB, PAB, and protozoa composite samples per cow per period.
The OTD, and composite FAB, PAB, and protozoal samples were analyzed for DM (105°C), ash, and OM contents (AOAC, 1980) . The OTD samples were also analyzed for total N (Leco 2000, Leco Instruments, Inc.), and sequentially for NDF and ADF (Van Soest et al., 1991) using heat-stable amylase and sodium sulfite (Hintz et al., 1995) in an Ankom Fiber Analyzer (Ankom Technology Corp.). The N content of these NDF and ADF residues (NDIN and ADIN) was determined by a combustion assay (Leco Instruments Inc.).
A 0.5-g sample of OTD from each cow was extracted in 10 mL of citrate buffer (77.5 mM adjusted to pH 2.2 with HCl) for 30 min at 39°C, and centrifuged at 15,000 × g at 4°C for 15 min. The resulting supernatants were then analyzed for free AA and NH 3 . Subsamples of ruminal contents (freeze-dried and ground), FAB, PAB, protozoa, FP, and SP+LP were weighed in duplicate into tin caps to provide about 100 g of N. Subsamples in the tin caps then were treated with 50 L of K 2 CO 3 solution (10 g/L, wt/vol), heated overnight in a 60°C oven to remove NH 3 (Nagel and Broderick, 1992) 
where the flows of the FP NAN, SP+LP NAN, and total NAN in OTD were determined using the triple-marker technique (Reynal and Broderick, 2005) .
Statistical Analyses
Data were analyzed as a Latin square design using the mixed procedures of SAS (SAS Institute, 1999) . Model sums of squares were separated into overall mean, cow (within square), square, period, treatment (effect of diet), and square × treatment interaction. All variables were considered fixed, except cow (within square) and overall error, which were considered random. The interaction term square × treatment was removed from the model when P ≥ 0.25. Linear and qua- dratic effects of treatments also were estimated. Significance was declared at P ≤ 0.05. Variables that showed P ≤ 0.10 for quadratic effects were regressed on dietary CP concentration using the mixed procedures of SAS (SAS Institute, 1999 ) to obtain the intercept and the linear and quadratic coefficients of the quadratic regression model. These equations were solved for the concentration of dietary CP at which these variables reached their maximal responses.
RESULTS AND DISCUSSION
Results of milk production, rumen metabolites, total tract digestibility, and N excretion of all cows as part of the larger feeding study are reported in the companion paper (Olmos Colmenero and Broderick, 2006) .
Intake and Ruminal Digestibility
Intake of DM, OM, and NDF showed quadratic trends (P = 0.08, P = 0.08, and P = 0.10, respectively) but intake of ADF was not affected by increasing levels of dietary CP (Table 2) . As expected, intake of CP increased linearly with dietary CP. Apparent ruminal digestibility (% of intake) and omasal flow of DM, OM, and NDF, and OM truly digested in the rumen were not affected by diet (Table 2) . However, ADF apparently digested in the rumen, and omasal flow and apparent ruminal digestibility of CP increased linearly with dietary CP. Amount of DM and OM apparently digested in the rumen showed quadratic trends (P = 0.07 and P = 0.06, respectively) and amount of NDF digested and apparent ADF digestibility (% of intake) in the rumen showed linear trends (P = 0.07 and P = 0.09, respectively) in response to increasing CP in the diet.
The linear increases in the concentrations of both isobutyrate and isovalerate observed in this trial (Olmos Colmenero and Broderick, 2006) might have contributed to the linear responses in ruminal fiber digestion (Misra and Thakur, 2001 ), which in turn may have resulted in the numerical improvements in the intakes of DM, OM, NDF, and ADF when dietary CP increased from 13.5 to 16.5%. Cunningham et al. (1996) observed a linear increase in NDF and ADF intake when increasing CP content of the diet from 14.4 to 16.4 and 18.4%; however, ruminal digestibility of OM, NDF, and ADF was not affected. Christensen et al. (1993) did not detect any improvement in intake or apparent ruminal digestibility of OM, NDF, and ADF when they increased dietary CP from 16.4 to 19.6% of DM.
Omasal Flow of Nitrogen Fractions
Chemical composition of ruminal microbes is presented in Table 3 . Content of OM in FAB, PAB, and Means in the same row without common superscripts differ (P < 0.05). Means in the same row without common superscripts differ (P < 0.05).
1 FAB = Fluid-associated bacteria, PAB = particle-associated bacteria. protozoa did not change in response to dietary CP and was on average 6.0 percentage units higher in PAB (85%) than in FAB (79%). The NAN content of both FAB and PAB increased linearly (P < 0.01), whereas that of protozoa was not significantly affected. Surprisingly, the NAN content of protozoa was very low, averaging 2.35% of DM. The 15 N enrichment of all microbial pools showed linear and quadratic responses to dietary CP. The highest 15 N enrichment of microbes was observed with the lowest CP level and the lowest enrichments were found at the 2 (protozoa) and 3 (FAB, PAB) highest CP levels.
Differences in chemical composition of different microbial fractions (FAB and PAB) have been reported previously (Craig et al., 1987; Martin et al., 1994) . Therefore, collection of samples from the different bacterial pools is necessary to quantify bacterial protein flow. The decline in microbial 15 N enrichment with higher CP diets in this trial may have occurred because 15 N enrichment of the NH 3 may have been diluted from increasing ruminal NH 3 formation with greater protein degradation as the dietary CP increased. The 15 N enrichment of protozoa occurs indirectly through bacterial engulfment (Broderick and Merchen, 1992) . Therefore, any change in bacterial 15 N enrichment should be reflected in the 15 N enrichment of protozoa. On average, 15 N enrichment of protozoa was, respectively, 86 and 93% of that in FAB and PAB. Stokes et al. (1991) and Martin et al. (1994) reported that the average N content in protozoa was higher than 5.0% of DM. The relatively low NAN content in protozoa observed in this study might have resulted from contamination of protozoal samples with low N feed particles or from carbon incorporation from the sucrose solution used in their isolation.
Omasal flows of N fractions are summarized in Table  4 . As N intake increased linearly (P < 0.01) from 476 g/d at 13.5% CP to 714 g/d at 19.4% CP, there were linear increases (P < 0.01) in flow of total N, NH 3 N, and free AA N. However, flows of these 3 N fractions were not significantly different among the 3 highest dietary CP levels. Although ruminal outflow of total NAN also showed a linear response to CP, there were substantial differences in the change in NAN flow among dietary CP increments. In agreement with these results, NAN flow to the small intestine has been consistently shown to increase with dietary CP (Cunningham et al., 1996; Korhonen et al., 2002; . Usually, this is due to greater ruminal escape of dietary protein (Cunningham et al., 1996; Korhonen et al., 2002) because microbial NAN flow is not affected (Cunningham et al., 1996; Korhonen et al., 2002; . In the present study, the lack of difference in total NAN flow among the 3 highest CP diets indicated that all of the extra N intake from feeding diets with more than 16.5% CP did not result in greater MP supply.
Most of the total NAN in omasal digesta was of bacterial (70%) rather than dietary (30%) origin. Korhonen et al. (2002) and also reported that, with feeding SSBM as the main protein supplement, flows of microbial NAN and dietary NAN were, respectively, 69 and 31%, and 66 and 34% of total NAN flow. These results emphasized the need for optimizing microbial formation in the rumen. The FAB NAN averaged 55%, and PAB NAN 45%, of total bacterial NAN flow. Similarly, Hristov and Broderick (1996) reported average flows of 52 and 48% for FAB NAN and PAB NAN, respectively. However, using the same microbial marker ( 15 N) and similar techniques for omasal sampling and isolation of bacteria as the present study, Brito and Broderick (2004) and Reynal and Broderick (2005) reported data indicating that FAB NAN and PAB NAN represented, respectively, 45 and 55%, and 43 and 57% of total bacterial NAN flow.
Low ruminal NH 3 concentration may limit microbial growth (Sannes et al., 2002) . In this trial (Olmos Colmenero and Broderick, 2006) , diets with 13.5 and 15.0% CP resulted in ruminal NH 3 N concentrations that were lower for a substantial portion of the day than the 5 mg/dL recommended by Satter and Slyter (1974) for microbial growth. Those mean NH 3 N levels were 3.0 mg/dL from 8 to 24 h after feeding (13.5% CP) and 3.7 mg/dL from 12 to 24 h after feeding (15.0% CP). KangMeznarich and Broderick (1980) found that, when add- Means in the same row without common superscripts differ (P < 0.05).
1 FAB = Fluid-associated bacteria, PAB = particle-associated bacteria. ing incremental amounts of urea to a basal diet of corn and cottonseed hulls fed to nonlactating dairy cows, microbial protein synthesis was maximal with 8.5 mg/ dL of NH 3 N in the rumen. Under this scenario, NH 3 N was deficient from 4 to 24 h after feeding both 13.5 and 15.0% CP. These results may, at least partially, explain the numerically lower bacterial NAN flows for those diets compared with diets having 16.5% or more CP. Although the amount of OM truly digested in the rumen was not significantly affected by diet, it increased numerically from 14.0 kg/d at 13.5% CP to 15.0 kg/d at 16.5% CP, before declining to 14.3 kg/d at 19.4% CP. The flow of total bacterial NAN also increased from 425 to 476 g/d when dietary CP increased from 13.5 to 16.5%, but remained similar (480 g/d) when diets with 17.9 and 19.4% CP were fed, resulting in the linear increase in microbial efficiency. Christensen et al. (1993) , Cunningham et al. (1996) , Korhonen et al. (2002), and did not find any improvement in microbial efficiency by increasing the CP content of the diet. Low ruminal pH may impair OM digestion when fiber intake is too low. Diets fed in this trial averaged less than 23% NDF. However, except for 8 h after feeding when pH was 5.9 on the diets with 15.0 and 16.5% CP, mean ruminal pH did not go below 6.0 in this trial (Olmos Colmenero and Broderick, 2006) .
When expressed as a percentage of DMI, RDP supply increased linearly from 9.1% at 13.5% CP to 13.3% at 19.4% CP. These results were expected because the contribution of CP from SSBM, a highly degradable protein source (NRC, 2001; , increased from 9 to 43% of total dietary CP. On the other hand, the proportion of total bacterial NAN in total NAN flow declined linearly from 74 to 69%. This occurred because greater escape of dietary NAN in response to increasing SSBM diluted the contribution of bacterial NAN. Cunningham et al. (1996) also reported that the proportion of microbial NAN in total NAN flow fell from 72.8 to 65.1 and 53.4% when SSBM content of the diet increased from 9.85 to 11.0 and 14.6% of dietary DM. Stern et al. (1983) observed that the proportion of bacterial NAN in total NAN flow also declined from 53.9 to 41.9% when dietary CP content was increased from 13.1 to 22.9% by increasing corn gluten meal from 3.5 to 38.0% of dietary DM; however, bacterial NAN flow was not affected, implying that increased dietary NAN flow was responsible for diluting the bacterial NAN in total NAN flow.
Bacterial NAN flow, estimated from the amount of allantoin excreted in urine (reported in our companion paper; Olmos Colmenero and Broderick, 2006) , reflected the linear increase measured for this variable using the omasal sampling and 15 N as microbial marker. However, bacterial NAN flows estimated with the allantoin approach were on average 185 g/d lower than omasal values. Reynal and Broderick (2005) , feeding cows diets that contained 4 levels of RDP and using the same omasal methodology to estimate bacterial NAN flow, also found that urinary allantoin excretion underestimated bacterial flow by 120 to 170 g/d compared with omasal measurements. However, they observed that both estimates of bacterial NAN flows yielded similar slopes when regressed on the observed RDP contents of the diet: 32.6 (urinary allantoin) and 35.4 (omasal sampling) g/d for every percentage unit of dietary RDP. Although urinary excretion of allantoin underestimated bacterial NAN flow, these results indicated that the technique was sensitive to changes in bacterial NAN flow in response to dietary alteration.
Microbial CP flow, estimated with the NRC (2001) model using composition of the experimental diets and the production parameters of individual cows, was substantially lower than bacterial flows measured by omasal sampling (Table 5) 
Optimal Dietary CP
Regression coefficients as well as estimated optimal dietary CP concentrations for 8 of the variables that showed quadratic responses (P ≤ 0.10) to increasing levels of dietary CP are presented in Table 6 . The optima dietary CP ranged from 16.3 to 18.7% with an overall mean of 17.1%. The optima for intake of DM, OM, and NDF averaged 16.8% CP and for the amount of DM and OM apparently digested in the rumen averaged 16.4% CP. The maximum for the 3 variables related to microbial and total NAN flow at the omasum averaged 18.0% CP.
CONCLUSIONS
Five levels of dietary CP were fed to dairy cows. Intake of DM, OM, and NDF, and amount of DM and OM digested in the rumen showed quadratic trends in response to CP. Digestion of NDF showed a linear trend, and amount of ADF digested in the rumen a linear response, with higher CP supplementation. Increasing CP of the diet also resulted in a linear increase in omasal flow of total NAN due to increases in both dietary NAN and total bacterial NAN flows. Although the qua- 
